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ABSTRACT
The stellar velocity distribution function (DF) in the solar vicinity is re-examined using data from
the SDSS APOGEE survey’s DR16 and Gaia DR2. By exploiting APOGEE’s ability to chemically
discriminate with great reliability the thin disk, thick disk and (accreted) halo populations, we can, for
the first time, derive the three-dimensional velocity DFs for these chemically-separated populations.
We employ this smaller, but more data-rich APOGEE+Gaia sample to build a data-driven model
of the local stellar population velocity DFs, and use these as basis vectors for assessing the relative
density proportions of these populations over 5 < R < 12 kpc, and −1.5 < z < 2.5 kpc range as
derived from the larger, more complete (i.e., all-sky, magnitude-limited) Gaia database. We find that
81.9 ± 3.1% of the objects in the selected Gaia data-set are thin-disk stars, 16.6 ± 3.2% are thick-disk
stars, and 1.5 ± 0.1% belong to the Milky Way stellar halo. We also find the local thick-to-thin-disk
density normalization to be ρT (R)/ρt(R) = 2.1 ± 0.2%, a result consistent with, but determined
in a completely different way than, typical starcount/density analyses. Using the same methodology,
the local halo-to-disk density normalization is found to be ρH(R)/(ρT (R) + ρt(R)) = 1.2 ± 0.6%,
a value that may be inflated due to chemical overlap of halo and metal-weak thick disk stars.
Subject headings: Milky Way – kinematics
1. INTRODUCTION
Understanding galaxy formation is a major goal of cur-
rent astrophysical research. Detailed studies of the stel-
lar components of the Milky Way galaxy play a funda-
mental role in building this understanding because they
provide direct and robust tests of and constraints on the-
ories of galaxy formation. The latter are presently for-
mulated within the framework of hierarchical formation
in a ΛCDM Universe (e.g., White & Frenk 1991; Mo et
al. 1998), and the past few decades have seen a myr-
iad of results affirming the role that mergers have had in
the evolution of the Milky Way, no more vividly than the
countless extant substructures that have been discovered
and mapped throughout the Galactic stellar halo, whose
origin appears to be dominated by the debris of these
mergers.
Meanwhile, explorations of the evolution of the Galac-
tic disk have a long and rich history that reaches back
to the kinematical studies of Eddington (1915), Jeans
(1915), Corlin (1920), Kapteyn (1922), Oort (1926), and
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Stro¨mberg (1927), who explored the local stellar velocity
distribution to gain information about large-scale Galac-
tic structure. The field significantly advanced when Ro-
man (1950) and Parenago (1950) discovered a strong
correlation between spectral type and UV-excess (i.e.,
metallicity) and the kinematical properties of stars near
the Sun. One of the explanations of this phenomenon,
which led to the seminal paper by Eggen et al. (1962),
is that the oldest and least chemically enriched stars we
observe today were born kinematically hot, and these
turbulent birth velocities declined steadily as the gas in
the Galaxy dissipated energy and settled into a dynam-
ically cold disk — i.e., older populations were dynami-
cally hotter ab initio (e.g., Brook et al. 2004; Minchev
et al. 2013). However, it was later suggested that within
some fraction of the thin disk, stars are born with ran-
dom velocities that are small at birth but that increase
with time (e.g., Spitzer & Schwarzschild 1951; Fuchs &
Wielen 1987; Binney et al. 2000; Nordstro¨m et al. 2004;
Aumer & Binney 2009)
The velocity distribution function (DF) of stars in the
Galaxy can be a valuable aid in uncovering the relation-
ships between kinematics, metallicity, and age for disk
and halo stars, and lends insights into the dynamical his-
tory of stellar populations (Bienayme´ 1999; De Simone
et al. 2004; Famaey et al. 2005; Bovy & Hogg 2010). In
the Galactic stellar halo, where the timescales for dy-
namical mixing are long, the history of minor mergers
imprints long-lived, dynamically cold substructures that
are quite legible fossils from which Galactic archaeology
can readily synthesize a sequence of events (e.g., Ibata et
al. 1994; Odenkirchen et al. 2001; Majewski et al. 2003;
Belokurov et al. 2006; Grillmair & Dionatos 2006).
However, a multitude of processes can affect the veloc-
ity DF in the Galactic disk, including the potential mix-
ture of the aforementioned ab initio “born hot” and“born
cold” components, and with the latter affected by numer-
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ous disk heating mechanisms. The sum of these effects
that increase velocity dispersions in disk stars compli-
cate the simplest model of a spiral galaxy, where stars
in the disk librate about circular orbits in the Galac-
tic plane. From state-of-the-art magnetohydrodynami-
cal cosmological simulations, Grand et al. (2016) found
that in the secular evolution of the disk, bar instabilities
are a dominant heating mechanism. The authors also
reported that heating by spiral arms (e.g., De Simone
et al. 2004; Minchev & Quillen 2006), radial migration
(e.g., Sellwood & Binney 2002), and adiabatic heating
from mid-plane density growth (e.g., Jenkins 1992) are
all subdominant to bar heating. Another fundamental
astrophysical process that scatters stars onto more ec-
centric orbits or onto orbits that are inclined to the disk’s
equatorial plane is the accretion of lower mass systems
(see, e.g., Kazantzidis et al. 2008; Martig et al. 2014, and
references therein). This is particularly relevant given
that recent studies suggest that the Milky Way likely
underwent such a merger ∼ 8 Gyr ago (e.g., Nissen &
Schuster 2010; Nidever et al. 2014; Linden et al. 2017;
Belokurov et al. 2018; Kruijssen et al. 2018). Moreover,
Laporte et al. (2018), using N-body simulations of the in-
teraction of the Milky Way with a Sagittarius-like dSph
galaxy, showed that the patterns in the large-scale veloc-
ity field reported from observations, like vertical waves
(e.g., Widrow et al. 2012), can be described by tightly
wound spirals and vertical corrugations excited by Sagit-
tarius (Sgr) impacts.
Studies of the density distribution of stars above and
below the Galactic plane have shown that the Galac-
tic disk is in fact composed of two distinct components
(Yoshii 1982; Gilmore & Reid 1983): a thin disk with a
vertical scaleheight of 300 ± 50 pc, and a thick compo-
nent with a scaleheight of 900 ± 180 pc at the distance of
the Sun from the Galactic Center (see Bland-Hawthorn
& Gerhard 2016 for a review of the spread in these quan-
tities found by various authors using different methods).
On the other hand, detailed stellar-abundance patterns
for disk stars show a clear bimodal distribution in the
[α/Fe] versus [Fe/H] plane. This bimodality is associated
with — and firm evidence for — a distinctly separated
thin and thick disk (Edvardsson et al. 1993; Bensby et
al. 2003; Fuhrmann 2011; Adibekyan et al. 2013). The
high–[α/Fe] sequence, corresponding to the thick disk,
exists over a large radial and vertical range of the Galac-
tic disk (e.g., Nidever et al. 2014; Hayden et al. 2015;
Duong et al. 2018).
The existence of two chemically-distinguished disk
components points to a different chemical evolution and,
hence distinct disk-formation mechanism and epoch (e.g.;
Chiappini et al. 1997; Masseron & Gilmore 2015; Clarke
et al. 2019) for the two disk components. Kinemati-
cally, the velocity dispersion for the chemically selected
thick disk component is, on average, larger than the
dispersion reported for the low–[α/Fe] thin disk (Soubi-
ran et al. 2008; Lee et al. 2011; Anguiano et al. 2018).
However, there is substantial overlap in the thin and
thick disk velocity DFs, which makes kinematics a less-
reliable diagnostic for discriminating populations. From
the standpoint of isolating and studying the chemody-
namical properties of these populations free of cross-
contamination, this is a bit unfortunate, because, despite
many large, dedicated spectroscopic surveys of Galactic
stars from which detailed chemical-abundance patterns
can be measured for now millions of stars (see below),
there are now several orders of magnitude more stars
with kinematical data available, thanks to ESA’s Gaia
mission.
Gaia is an all-sky astrometric satellite from which
we can now obtain accurate sky position, parallax, and
proper motion, along with the estimated uncertainties
and correlations of these properties, for ∼ 1.3 billion
sources. Moreover, the existence of a Gaia sub-sample
containing line-of-sight velocities provides unprecedented
accuracy for individual space velocities for more than 7
million stellar objects (Gaia Collaboration et al. 2018).
Unfortunately, there are no α-element abundance mea-
surements for the vast majority of this Gaia sub-sample.
This prevents an unbiased and comprehensive study of
the velocity DF for the thin disk, thick disk, and halo
treated separately.
Fortunately, the astronomical community has invested
great effort into building and developing massive multi-
object spectroscopic surveys, where the measurement
of abundances beyond the simple overall metallicity is
possible. Projects like SEGUE (Yanny et al. 2009),
RAVE (Zwitter et al. 2008), LAMOST ( Zhao et al.
2012), Gaia-ESO (Gilmore et al. 2012), GALAH (De
Silva et al. 2015), and APOGEE (Majewski et al. 2017)
are transforming our understanding of the Milky Way
galaxy through their generation of vast chemical abun-
dance databases on Milky Way stars. The future is
even more promising, with even larger spectroscopic sur-
veys planned, such as SDSS V (Kollmeier et al. 2017),
WEAVE (Dalton et al. 2012), MOONS (Cirasuolo &
MOONS Consortium 2016), DESI (DESI Collaboration
et al. 2016), 4MOST (Feltzing et al. 2018), and MSE
(Zhang et al. 2016), all aiming to provide individual
abundances for millions more Galactic stars in both
hemispheres, together with line-of-sight velocities, vlos,
with a precision of a few hundred m s−1. While the sum
total of observed stars in these spectroscopic surveys will
span only ∼1% of even the present Gaia sub-sample con-
taining line-of-sight velocities, the chemical data in the
former surveys can be used to begin characterizing and
interpreting the vastly larger number of sources having
kinematical data in the Gaia database.
One of the main goals of the present study is to per-
form, for the first time, a detailed and unbiased study
of the Galactic velocity DFs — derived from Gaia data
— for the individual, chemically separated stellar pop-
ulations, and to explore how these distributions change
for different Galactocentric radii and distances from the
Galactic mid-plane. For this study we use the individual
stellar abundances from the APOGEE survey, specifi-
cally [Mg/Fe] and [Fe/H], to relatively cleanly discrim-
inate the thin and thick disks, associated with the low
and high α-sequences, respectively, in the [α/Fe]-[Fe/H]
plane, as well as the halo stars, which predominantly in-
habit other regions of the same plane. Using the kinemat-
ical properties of these chemically defined sub-samples,
we build a data-driven kinematical model, which we then
apply to the full Gaia database to ascertain the contri-
bution of the different Galactic structural components to
the velocity-space DF as a function of Galactic cylindri-
cal coordinates, R and z. We also create two-dimensional
maps in the R-z plane, where we explore the behavior
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of the thick-to-thin-disk density normalization and the
halo-to-disk density normalization.
This paper is organized as follows. In Section 2 we
describe the APOGEE and Gaia data-sets we employ in
the analysis. Section 3 examines the velocity DF of the
Galactic disk and halo, and describes the building of the
data-driven model. We discuss the thick-disk normaliza-
tion and the halo-to-disk density in Section 4, and the
most relevant results of the present study are summa-
rized and discussed in Section 5.
2. THE APOGEE-2 DR16 AND GAIA DR2 DATA-SETS
Our study makes use of the data products from Data
Release 16 (DR16) of the Apache Point Observatory
Galactic Evolution Experiment (APOGEE, Majewski et
al. 2017). Part of both Sloan Digital Sky Survey III
(SDSS-III, Eisenstein et al. 2011) and SDSS-IV (Blanton
et al. 2017) via APOGEE and APOGEE-2, respectively,
the combined APOGEE enterprise has been in operation
for nearly a decade, and, through the installation of spec-
trographs on both the Sloan (Gunn et al. 2006) and du
Pont 2.5-m telescopes (Bowen & Vaughan 1973; Wilson
et al. 2019), has procured high-resolution, H-band spec-
tra for more than a half million stars across both hemi-
spheres. The survey provides vlos, stellar atmospheric
parameters, and individual abundances for on the order
of fifteen chemical species (Holtzman et al. 2015; Zamora
et al. 2015; Garc´ıa Pe´rez et al. 2016). A description of
the latest APOGEE data products from DR14 and DR16
can be found in Holtzman et al. (2018) and Jo¨nsson et
al. (in preparation), respectively.
In this study we also use data from the second data
release (DR2) of the Gaia mission (Gaia Collaboration
et al. 2018). This catalog provides full 6-dimensional
space coordinates for 7,224,631 stars: positions (α, δ),
parallaxes ($), proper motions (µ∗α, µδ), and radial line-
of-sight velocities (vlos) for stars as faint asG= 13 (Crop-
per et al. 2018). The stars are distributed across the full
celestial sphere. Gaia DR2 contains vlos for stars with
effective temperatures in the range ∼ 3550 - 6900 K. The
median uncertainty for bright sources (G < 14) is 0.03
mas for the parallax and 0.07 mas yr−1 for the proper
motions (Lindegren et al. 2018; Arenou et al. 2018). The
precision of the Gaia DR2 vlos at the bright end is on the
order of 0.2 to 0.3 km s−1, while at the faint end it is on
the order of 1.4 km s−1 for Teff = 5000 K stars and ∼3.7
km s−1 for Teff = 6500 K. For further details about the
Gaia DR2 sub-sample containing vlos measurements, we
refer the reader to Sartoretti et al. (2018) and Katz et
al. (2018). We follow the recommendations from Boubert
et al. (2019) for studies in Galactic dynamics using Gaia
to remove stars where the color photometry is suspect,
as well as stars where the vlos measurement is based on
fewer than four transits of the instrument.
Individual space velocities in a Cartesian Galactic sys-
tem were obtained by following the equations in Johnson
& Soderblom (1987). That is, from Gaia DR2 line-of-
sight velocities, proper motions, and parallaxes, we de-
rive the space velocity components (U , V , W ). In the
case of the APOGEE targets, we use the APOGEE-2
DR16 catalog vlos (Ahumada et al. 2019), where the in-
ternal precision is better than 0.1 km s−1 (Nidever et
al. 2015). When the relative uncertainty in parallaxes
become larger, the inverse of a measured parallax is a bi-
ased estimate of the distance to a star (Stro¨mberg 1927;
Luri et al. 2018). For this reason, we select stars with
positive parallaxes and a relative parallax uncertainty
smaller than 20% (σ$/$ ≤ 0.2). We also set the Gaia
flag astrometric-excess-noise = 0 to drop stars with poor
astrometric fits. In addition, the flag rv-nb-transits ¿ 4 is
set to secure enough Gaia transits that robust vlos mea-
surements are in-hand. Following Boubert et al. (2019),
the selected Gaia stars for this study must have reported
GBP and GRP magnitudes. That leaves 4,774,723 Gaia
targets for this exercise. The remaining targets have
high-precision Gaia parallaxes (the vast majority of the
stars have σ$/$ ≤ 0.05), so that their distances can be
determined by simple parallax inversion without signifi-
cant biasing the error derivation (e.g., Bailer-Jones et al.
2018 and references therein). We adopt a right-handed
Galactic system, where U is pointing towards the Galac-
tic center, V in the direction of rotation, and W towards
the North Galactic Pole (NGP). For the peculiar motion
of the Sun, we adopt the values: U = 11.1 km s−1, V
= 12.2 km s−1, and W = 7.2 km s−1 (Scho¨nrich et al.
2010). We also transform the velocities from Cartesian
to a cylindrical Galactic system: υR, υφ, υz. The Sun
is assumed to be located at X = 8.34 ± 0.16 kpc and
the circular rotation speed at the location of the Sun
to be 240 ± 8 km s−1 (Reid et al. 2014). We define
R = (X2 + Y 2)1/2, as the distance from the Galactic
center (GC), projected onto the Galactic plane.
In the end, the typical uncertainty in the velocities
used here is ∆υ ∼ 1.5 km s−1 per dimension. To remove
outlier velocities that can yield unrealistic velocity dis-
persions we select stars where (υ2R + (υφ− 240)2 +υ2z)1/2
< 600 km s−1, which removes a total of 503 stars. In the
next section we explore the kinematical properties of the
Milky Way using the data-set just described.
3. THE VELOCITY DISTRIBUTION FUNCTIONS OF THE
GALACTIC DISK AND HALO POPULATIONS
Stars of different mass synthesize and, upon death,
eject into the interstellar medium different chemical ele-
ments, and on different timescales. The overall metallic-
ity measured in a star’s atmosphere, for the most part,
represents an integral over star formation and chemical
enrichment prior to that star’s birth, while the abun-
dances of individual elements can be used to track the
ratio of recent to past star-formation rates.
Thus, stellar chemical-abundance patterns offer a
means to discriminate stellar populations that have expe-
rienced differing star-formation and chemical-enrichment
histories. To procure unbiased velocity DFs for indi-
vidual stellar populations in the nearby disk, we ex-
ploit the [Fe/H] and [Mg/Fe] abundances measured from
APOGEE spectra, the combination of which has been
show to give very good discrimination of the thin disk,
thick disk, and halo (e.g., Bensby et al. 2003; Hayes
et al. 2018; Weinberg et al. 2019). We select from the
APOGEE database those stars for which S/N > 70 and
no aspcapbad flag is set (Holtzman et al. 2015). The
APOGEE survey has a number of focused science pro-
grams that target specific objects like the Sgr dSph
galaxy (Majewski et al. 2013; Hasselquist et al. 2017),
the Large and Small Magellanic Clouds (Nidever et al.
2019), numerous star clusters (Me´sza´ros et al. 2020), and
many other stellar astrophysics programs (Zasowski et al.
4 Anguiano et al.
2013, 2017) that are not germane to this study of normal
field stars. To remove these specialized targets from our
database, we identified fields associated with the special
programs, and removed all targets within those fields.
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Fig. 1.— The distribution of [Mg/Fe] with [Fe/H] abundances
for our curated sample of stars from the APOGEE survey. We
use these abundances to select stars with low-α abundances as
thin disk, and those with high-α abundances as stars associated
with the thick disk, as indicated by the selection boxes. For the
halo we select all the stars with [Fe/H] ≤ −1.0. The color code
indicates stellar density, where red shows the highest density of
stars and blue the lowest. The dashed lines show the solar values
for reference.
We summarize our chemistry-based discrimination and
selection of our three primary stellar populations in Fig-
ure 1. The higher [Fe/H] population with low-α abun-
dances (–0.7 < [Fe/H] < +0.5, –0.1 < [Mg/Fe] < +0.17)
is associated with the Galactic thin disk, and our selec-
tion contains a total of 211,820 of these stars. The [Fe/H]
< 0 stars with high-α abundances (+0.18 < [Mg/Fe] <
+0.4 within the metallicity range −1.0 < [Fe/H] < 0.0)
we associate with the Galactic thick disk, and the num-
ber of stars we have in that sample is 52,709. Finally,
the Galactic halo population is identified with stars hav-
ing [Fe/H] < –1.0 (e.g., Hayes et al. 2018). The num-
ber of APOGEE stars in this population is 5,795. The
magnitude-limited Gaia data-set used in this study con-
tains different stellar populations associated with differ-
ent structures in the Galaxy. This is evident in Fig-
ure 2, where we show the distribution of υR, υφ, and υz
for the population-integrated Gaia sample and for the
population-separated APOGEE-2 data. From a compar-
ison of the upper and lower panels it becomes obvious
that an assignment of population membership to a par-
ticular star based exclusively on kinematical properties
is not generally possible. Moreover, it is not possible on
the basis of kinematical data alone to determine with re-
liability even the relative contributions of the different
populations to the net velocity DF on a statistical ba-
sis. Figure 2 shows that the velocity DF of the different
Galactic components clearly overlap, but also that in-
dividual abundances from high-resolution spectroscopy
surveys are a useful tool for apportioning stars to their
relative stellar populations (Navarro et al. 2011; Nidever
et al. 2014).
While severe overlap is expected in the υR and υz
dimensions, where all three stellar populations share a
mean values around 0 km s−1, we expect more separa-
tion of populations in υφ due to variations in asymmetric
drift. Nevertheless, stars with υφ > 70 km s
−1 domi-
nate the distribution, and yet have contributions from
all three populations, though, naturally, most strongly
from the thin and thick disk. We also observe that the
thin-disk population shows a very small number of slow-
rotating stars; these could represent a small contaminat-
ing portion of stars from the accreted halo, which can
have metallicities as high as [Fe/H] ∼ −0.5 (Hayes et al.
2018).
Interestingly, for the population with [Fe/H] < −1.0,
we observe an extended velocity DF with a peak around
υφ ∼ 0 km s−1, together with a second peak around
120 km s−1 (see the middle panel in Figure 2). We dis-
cuss this metal-poor population in more detail in Sec-
tion 3.1.3.
While there is no precedent to the accuracy and pre-
cision of the Gaia astrometry, and for such an enormous
number of objects, there is still no detailed chemistry
available for the vast majority of the stars in the Gaia
data-set. Thus, one cannot yet leverage the huge sta-
tistical power of Gaia to explore the kinematical proper-
ties of individual stellar populations in an unbiased man-
ner, nor use these kinematics to sort stars reliably into
populations to help define other gross properties of the
populations. However, we will now show how, with a
data-driven model trained with the velocity DFs defined
for the combined APOGEE+Gaia dataset for relatively
nearby stars, we can harness the power of the greater
Gaia database without chemical data to sort stars into
populations based on their kinematics, and use these sta-
tistical memberships to ascertain other bulk properties
of the populations — e.g., to assess the relative densities
of stars in these populations over a broad range of the
Galactic locations. We describe the steps toward these
goals in the next sections.
3.1. APOGEE Data-Driven Model
To build a simple, kinematical data-driven model we
do not assume a triaxial Gaussian distribution func-
tion (Schwarzschild 1907; Bienayme´ 1999); instead, we
use the velocity DF for the chemically selected thin-
disk, thick-disk and halo Galactic components in the
APOGEE data. The DF, f(~υ), is defined such that f(~υ)
d~υ is the number of stars per unit volume with velocity in
the range [~υ,~υ + d~υ]. We now explore the characteristics
of the DF for each primary Galactic stellar population.
3.1.1. Chemically Selected Thin Disk
Figure 3 shows the velocity DF for υR, υφ, and υz of
the low-α sequence population selected in the [Fe/H]-
[Mg/Fe] plane (see Figure 1). We also show the best
Gaussian fit for each of the three components of velocity
(red lines in Figure 3).
By and large, these Gaussian fits are reasonable de-
scriptors of the DFs. Even for the υφ component, where
we expect a skew in the observed DF due to asymmetric-
drift effects, a normal distribution nevertheless repro-
duces the distribution reasonably well. We find the
largest discrepancies between the observed velocity DF
and a Gaussian distribution in all three cases to be
mainly at the very peaks and in the wings, and, for the
latter, especially in the cases of υφ and υz. As a demon-
stration of the utility of Gaussians as descriptors of the
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Fig. 2.— The relative distribution functions (normalized to a peak value of unity) for individual velocity components on a logarithmic
scale using the Gaia data-set (upper panels) and the APOGEE survey sample (lower panels). For the APOGEE sample we can assign
stars to their respective stellar populations (indicated by different colors) using their chemistry, to reveal the kinematical properties of each
population with little cross-contamination from the others.
DFs, we find that for the chemically selected thin disk
the DF skewness(υR)
10 = 0.04, and the kurtosis(υR) =
0.61. For the azimuthal velocity, we have skewness(υφ)
= –0.44, and kurtosis(υφ) = 0.98. Furthermore, for the
vertical component of the velocity, we find skewness(υz)
= –0.06 and a kurtosis(υz) = 1.33. These skewness and
kurtosis values lie within the allowable range for normal
univariate distributions; e.g., Darren & Mallery (2010)
argue that values for asymmetry and kurtosis between –2
and +2 are indicative of normal univariate distributions,
while even by the more conservative limits of –1.5 and
+1.5 advocated by Pilkington et al. (2012), the Figure 3
DFs are found to be well-described as Gaussians.
10 Because there is no standard naming convention for the vari-
ables skewness and kurtosis, and some of the adopted variable
names in the literature are redundant with those we use for other
quantities, we simply employ the variable names “skewness” and
“kurtosis” here to avoid confusion.
For the low-α sequence population we find the follow-
ing velocity dispersion values, (σR, σφ, σz) = (36.81 ±
0.07, 24.35 ± 0.04, 18.03 ± 0.03) km s−1. Based on these
values, the shape of the velocity ellipsoid for the thin disk
is found to be (σR : σφ : σz) = (1.00:0.66:0.49). We also
find that the vertex deviation for this population to be
αRφ = –4.01
◦ ± 0.09◦, and the tilt of the velocity ellip-
soid to be αRz = +1.41
◦ ± 0.02◦; these quantities are
defined so that αij corresponds to the angle between the
i-axis and the major axis of the ellipse formed by pro-
jecting the three-dimensional velocity ellipsoid onto the
ij-plane, where i and j are any of the stellar velocities.
We can also calculate the orbital anisotropy parameter
Binney (1980) in spherical polar coordinates; for the thin
disk we have β = +0.57 ± 0.01. These findings are sum-
marized in Table 1 and Table 2.
3.1.2. Chemically Selected Thick Disk
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Fig. 3.— Velocity distribution function for the chemically selected APOGEE thin disk (black distribution) for the υR, υφ and υz velocity
components, respectively. The red distributions in the three panels show the best-fit following a single Gaussian function. The mean and
the standard deviation of the normal distributions are shown in each panel.
TABLE 1
Summary of the kinematical properties for different populations subsamples
υφ σR σφ σz σφ/σR σz/σR
(km s−1) (km s−1) (km s−1) (km s−1)
Chemically selected thin disk +229.43 ± 0.54 37.61 ± 0.07 25.01 ± 0.04 18.53 ± 0.03 0.66 ± 0.01 0.49 ± 0.01
Chemically selected thick disk +191.82 ± 0.24 64.68 ± 0.20 50.82 ± 0.15 43.60 ± 0.13 0.78 ± 0.01 0.67 ± 0.01
Halo ([Fe/H] < -1) +35.53 ± 1.28 150.57 ± 1.58 115.67 ± 1.21 86.67 ± 0.91 0.77 ± 0.02 0.57 ± 0.01
Disk-like rotation +186.10 ± 1.66 59.23 ± 1.39 50.00 ± 1.17 47.55 ± 0.85 0.84 ± 0.03 0.80 ± 0.02
Non-rotation –2.35 ± 1.57 165.51 ± 1.94 95.12 ± 1.11 94.10 ± 1.16 0.57 ± 0.01 0.57 ± 0.01
In Figure 4, the velocity DF for the three individual
space velocities is shown for the high-α sequence popu-
lation defined in Figure 1. For this population we find a
mean rotational velocity of υφ = 191.82 ± 0.24 km s−1
and velocity dispersion of (σR, σφ, σz) = (62.44 ± 0.21,
44.95 ± 0.15, 41.45 ± 0.15) km s−1. As in the case for
the thin disk, we find that normal distributions (red lines
in Figure 4) give a good match for the velocity compo-
nents υR and υz. For example, we calculate a skewness
= 0.03, and kurtosis = 0.62 for the radial velocity com-
ponent, while for the vertical velocity we have 0.02 and
0.86, respectively.
However, for the rotational velocity (υφ) of the thick-
disk population the spread in asymmetric-drift is more
prominent than for the thin disk, so that the υφ DF is
skewed to low velocities. For this velocity component we
have a skewness = −1.38 and a kurtosis = −4.46. Nev-
ertheless, remarkably, it is possible to account for this
skewness adequately with only a single other normal dis-
tribution (gray line) fit to the υφ DF (see middle panel
in Figure 4). While the simplicity of a two-Gaussian fit
is very convenient, it is not clear that it has a physical
meaning as representing two distinct sub-populations, or
that the mathematical contrivance just happens to work
well as an explanation for what could be a more complex
combination of sub-populations. If it really has a physi-
cal meaning as an apparent second sub-population in υφ,
this less-dominant sub-population has Gaussian parame-
ters µ ∼ 92 km s−1 and σ ∼ 115 km s−1, and could repre-
sent the oldest population in the thick disk, which is, on
average, lagging some 100 km s−1 behind a more rapidly
rotating, and significantly dynamically colder and pre-
sumably younger thick-disk population (green distribu-
tion in Figure 4).
We find differences in the shape of the velocity ellipsoid
for the thick disk with respect to the thin disk (Table 1),
where (σR : σφ : σz) = (1.00:0.78:0.67). For purposes of
this calculation, we treat the total thick-disk sample as
one population; this is certain to result in some increase
in the measured dispersion in the υφ direction.
Theoretical studies in the formation of the thick disk
predict a wide range of values for σz/σR. For example,
Villalobos et al. (2010) found a range from∼ 0.4 to 0.9 for
a model with formation of the thick disk through heating
due to accretion events. Assuming that a merger led to
the dynamical heating of a pre-existing precursor disk
to the thick disk (e.g., Haywood et al. 2018; Di Matteo
et al. 2019; Gallart et al. 2019 and references therein),
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Fig. 4.— Same as Figure 3, but for the thick disk. However, for the υφ component the red curve represents the sum of a two-component
Gaussian decomposition of the distribution, needed to account for the asymmetric tail due to a broader spread in asymmetric drift (see
text). The components of this two-component fit are shown by the green and grey curves and listed values.
our findings may be suggestive of an encounter with a
satellite on a low/intermediate orbital inclination.
Interestingly, we find the tilt of the velocity ellipsoid
for the thick disk to be larger than that found for the
thin disk, however, our tilt αRz = +5.16
◦ ± 0.15◦, is
lower than previous values reported for the thick disk.
For example, Casetti-Dinescu et al. (2011) found αRz
= +8.6◦ ± 1.8◦, where the authors selected the thick
disk population using stellar density laws and the ver-
tical height with respect to the Galactic plane. With
a sample of ∼1200 red giants, Moni Bidin et al. (2012)
found an even larger value, αRz = +10.0
◦ ± 0.5◦. The
latter authors created the thick disk sample by select-
ing stars with |z| > 1.3 kpc, and they use the individual
velocities of each star to remove outliers they associate
with the halo. However, a direct comparison of our re-
sults with previous measurements from the literature is
difficult, because the tilt angle varies with z (Moni Bidin
et al. 2012; Hayden et al. 2020).
We also find the orbital anisotropy parameter for the
Galactic thick disk, β = +0.32 ± 0.01, to be lower than
the value found for the thin disk, which suggests that the
orbital anisotropy is mildly radial for this population.
3.1.3. Halo
The stellar density of halo stars, simply defined here
by stars having [Fe/H] < −1.0, is significantly lower than
that for the disk-like populations in our volume of study,
hence, the selection effects driven by the APOGEE sur-
vey design (Zasowski et al. 2017) may have a larger im-
pact on this population. The black lines in Figure 5 show
the velocity DF for the halo population. For the distri-
bution in υφ, we use a mixture of two Gaussian com-
ponents. The metal-poor stars with disk-like kinematics
(gray Gaussian in the middle panel of Figure 5) may
be associated with the thick disk, while the components
with a non-rotation average motion may be associated
with the inner halo (see Chiba & Beers 2000, Carollo et
al. 2010, Hayes et al. 2018, Mackereth et al. 2018 and ref-
erences therein for more details). The stars in the entire
halo sample ([Fe/H] < −1.0) are characterized by a radi-
ally elongated velocity ellipsoid, where we have (σR, σφ,
σz) = (150.57 ± 1.52, 115.67 ± 1.08, 86.67 ± 0.93) km
s−1. For the entire halo population defined in this study
(red lines in Figure 5), we find a small mean prograde
rotation of 35 km s−1. These results are in good agree-
ment with the halo properties reported in Chiba & Beers
(2000) and Bond et al. (2010), who also defined the halo
by simple metallicity cuts. Finally, for the entire [Fe/H]
< −1.0 halo sample we find a large angle for the tilt of
the velocity ellipsoid, αRz = +11.43
◦ ± 0.35◦, while β is
found to be nearly isotropic for these stars.
Meanwhile, the “halo” sub-population with disk-like
kinematics in our sample shows a mean rotational ve-
locity of υφ = 186.10 ± 1.36 km s−1 (gray Gaussian in
Figure 5); this velocity is very similar to the mean rota-
tional velocity we found for the Galactic thick disk (see
the middle panel in Figure 4). For the velocity dispersion
of this sub-population, we find (σR, σφ, σz) = (59.25 ±
1.12, 50.00 ± 0.91, 47.52 ± 0.94) km s−1. These results
are consistent with the values reported for the chemically
selected thick disk (see Sect. 3.1.2), supporting previous
results showing that the thick disk might exhibit an ex-
tended metal-poor tail — more metal-poor than [Fe/H]
= −1.0 and reaching values of [Fe/H] ∼ −1.5, or even
lower (i.e., Norris 1986; Morrison et al. 1990; Beers et al.
2002; Nissen & Schuster 2010; Robin et al. 2014; Hayes et
al. 2018; Ferna´ndez-Alvar et al. 2018; An & Beers 2020).
For the other, “more traditional” halo component with
a non-rotating average motion of υφ = -2.31 ± 1.59 km
s−1 (green Gaussian in Figure 5), we find that the ve-
locity dispersion is (σR, σφ, σz) = (165.52 ± 1.97, 95.10
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Fig. 5.— Same as Figures 3 and 4, but for the Milky Way halo, defined by stars with [Fe/H] < −1.0 (black distribution). In this case,
each of the three velocity components are fitted by a mixture of two Gaussian components (see text for details). The mean and the standard
deviation of the mixture distributions are shown in the top of each panel in red, and for each Gaussian component in grey and green.
TABLE 2
Tilt of the velocity ellipsoid, vertex deviation, and orbital anisotropy parameter for different populations
αRz αRφ β
(degrees) (degrees)
Chemically selected thin disk +1.41 ± 0.02 –4.01 ± 0.09 +0.57 ± 0.01
Chemically selected thick disk +5.16 ± 0.15 –6.01 ± 0.47 +0.32 ± 0.01
Halo ([Fe/H] < -1) +11.43 ± 0.35 –2.30 ± 0.15 +0.20 ± 0.02
Disk-like rotation +0.86 ± 0.38 +1.18 ± 0.59 +0.56 ± 0.02
Non-rotation +0.15 ± 0.02 +0.16 ± 0.02 +0.42 ± 0.02
± 1.12, 94.14 ± 1.14) km s−1. This halo population has
been extensively discussed in the literature (e.g., Searle
& Zinn 1978; Ratnatunga & Freeman 1985; Gilmore &
Wyse 1998; Gratton et al. 2003; Di Matteo et al. 2019,
and references therein).
These properties for the hotter halo component are
consistent with current descriptions of the halo as an
accreted population of the Milky Way. For example,
Nissen & Schuster (2010) used ∼100 halo stars in the
solar neighborhood to identify a ’low-α’ population, for
which the kinematics suggest that it may have been ac-
creted from dwarf galaxies (Zolotov et al. 2009; Purcell
et al. 2010), some specifically originating from the ω Cen
progenitor galaxy (Bekki & Freeman 2003; Meza et al.
2005; Majewski et al. 2012). Meanwhile, Belokurov et
al. (2018) studied the orbital anisotropy for the local
stellar halo, and, by comparing the observational re-
sults with cosmological simulations of halo formation,
concluded that the inner halo was deposited in a ma-
jor accretion event by a satellite with Mvir > 10
10 M,
inconsistent with a continuous accretion of dwarf satel-
lites. Belokurov et al. (2018) also highlighted the non-
asymmetric structure of the remains of the merger in the
velocity distribution. Their findings echo discussions pre-
sented in simulations including a similar accretion event
by Meza et al. (2005), as well as the exploration of the
Venn et al. (2004) data-set explored by Navarro et al.
(2011), where the locally sampled velocity distribution
of a high-energy accretion event appears to produce a
mixture of kinematical populations.
In addition to the Belokurov et al. (2018) study, Helmi
et al. (2018) selected the retrograde halo population us-
ing APOGEE DR14 (Abolfathi et al. 2018) and Gaia
DR2 to conclude that the inner halo is dominated by de-
bris from an object that, at infall, was slightly more mas-
sive than the Small Magellanic Cloud. The latter authors
also argue that the merger must have led to the dynam-
ical heating of the precursor of the Galactic thick disk,
approximately 10 Gyr ago. The dwarf galaxy progenitor
of this debris — now variously called “Gaia-Enceladus”,
the “Gaia Sausage”, or collectively the “Gaia-Enceladus-
Sausage” (GES) — is thought to have fallen into the
Milky Way on a highly eccentric orbit (e ∼ 0.85) to ac-
count for the predominance of stars with such radial or-
bits in the inner Galaxy (Haywood et al. 2018; Belokurov
et al. 2018; Helmi et al. 2018; Fattahi et al. 2019).
3.2. The 3D Velocity DF as a Function of R and z
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Fig. 6.— (Left) The distribution of distance from the Galactic
center projected on the Galactic plane (R) in kpc for the APOGEE
and Gaia sample. The Sun is assumed to be situated at R = 8.3
kpc. (Right) The distribution of distance from the Galactic plane
for the APOGEE and Gaia stars. The distribution shows that
most of the stars used in this study are in the vertical height range
from −2.0 < z < 2.0 kpc. The asymmetry in both panels is a result
of the predominance of the Northern Hemisphere observations in
the APOGEE sample.
In a larger context, our chemical-selection approach
also allows us to explore the 3D velocity DF as a func-
tion of R and z for the different sub-populations.Figure 6
compares the regions of the sky probed by the APOGEE
(grey line) and Gaia (black line) samples. The samples
probe a region between 4 < R < 13 kpc, but the majority
of stars are located at distances between 7 to 10.5 kpc.
The spatial distribution for the vertical height shows that
most of the selected stars have |z| < 2.0 kpc (right panel
in Figure 6). The spatial distributions for the two sam-
ples are remarkably similar, despite the fact that the
APOGEE survey works at brighter magnitudes, but is
predominantly targeted at giant stars, whereas the larger
Gaia sample studied here probes fainter magnitudes, is
parallax-error-limited, and is dominated by dwarf stars.
Differences in the spatial distributions mainly reflect the
fact that Gaia is an all-sky survey while the APOGEE
DR16 subsample is a pencil-beam survey dominated by
Northern Hemisphere observations (where APOGEE has
been surveying longer), which explains why we see an
asymmetry to larger R and an excess for z > 0 with
respect to Gaia (see right panel in Figure 6).
Figure 7 shows the velocity DF for three different
ranges in Galactocentric radius and vertical height for
the chemically selected thin disk (top panels), thick disk
(middle panels), and halo (bottom panels). We also show
the cumulative fraction for each distribution. The dif-
ferent colors show the velocity DFs for three ranges in
Galactocentric radius and vertical height.
In most cases, we do not find large discrepancies be-
tween the velocity DF for the three individual compo-
nents across different ranges of R and z, especially for
the thin disk and thick disk. The negligible spatial vari-
ations in the velocity DF for the different, chemically se-
lected populations justifies and motivates our strategy to
use the velocity distributions discussed in Section 3.1.1,
3.1.2, and 3.1.3 to build a data-driven model of Galactic
stellar populations.
However, it is notable that we observe a small
asymmetric-drift variation with z for the thick disk (right
figure in the middle panels in Figure 7). We also find that
the innermost part of the thin disk tends to lag with re-
spect to the rest of the population at larger Galactocen-
tric radii (left figure in the upper panels in Figure 7).
On the other hand, for the [Fe/H] < −1 group of stars
we find strong variations in the contributions of the two
components in υφ described in Section 3.1.3, with the
thick-disk-like population more prominent in the inner
region (R < 7.3 kpc) and closer to the Galactic plane
(|z| < 0.5 kpc), and the “inner halo” population with a
non-rotating average motion dominating the distribution
for the outer regions in R and z (see bottom panels in
Figure 7).
3.3. The Stellar Disk and Halo Contribution in the
Gaia Sample
To carry out an unbiased study of the
spatial distributions of the Galactic components for
Gaia stars, the bulk of which lack abundance informa-
tion, we use the results presented above to model the con-
tribution from the thin disk, the thick disk, and the halo
stars in the much larger Gaia sample. The Gaia velocity
DF observed in the three components of space velocity
(see Figure 2) is a combination of the different compo-
nents of the stellar disk and the Galactic halo. Using
the APOGEE velocity DF measured for the chemically
distinguished disk and halo components, we can estimate
the fraction of stars that belong to each of these compo-
nents in the much larger Gaia data-set.
In the previous section, we verified that the APOGEE
subsample is a legitimate proxy for the larger Gaia sam-
ple. In particular, we checked which regions of the
Galaxy are probed by the Gaia sample employed in this
exercise as well as the APOGEE sample, and find (Fig-
ure 6) that they survey comparable volumes.
To assess further the ability of the derived data-driven
model to quantify the number of objects in the Gaia
sample that are attributable to the thin disk, thick disk,
and halo, we apply an Anderson-Darling style statistical
test sensitive to discrepancies at low and high values of
~υ (Press et al. 1992), adopted as follows:
< SG(~υ)− SA(~υ) >2 /SA(~υ)(1− SA(~υ)) ,
The Anderson-Darling statistic is based on the empir-
ical cumulative distribution function. The cumulative
distribution for the Gaia sample (SG(~υ)) is calculated
directly from the individual velocities in the Gaia data-
set. For the cumulative distribution calculated using
the velocity DF from the APOGEE data-set (SA(~υ)),
we have a mixture of different distributions for the thin
disk, thick disk, and halo that we draw directly from the
APOGEE data (black distributions in Figures 3, 4, and
5). The sum of the three stellar velocity distributions
associated with the three Galactic components allows us
to derive estimates, guided by Anderson-Darling statis-
tical tests, of the fraction of objects that are part of the
thin disk, thick disk, and halo in the Gaia data set. We
can write f(~υ)gaia =
∑3
i=1 if(~υ)apogee, where i repre-
sents each velocity component, and i = (thin, thick,
halo) is the fraction of stars associated to that Galactic
component. Following the results in Section 3.2, we as-
sume that the shape of the velocity distribution for each
component does not change in the local volume of study;
what changes is the fraction of stars in each Galactic
component.
Figure 8 shows the velocity distribution function for
the three velocity components. The thick black line is
the Gaia DR2 data-set employed in this study; red is
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Fig. 7.— Velocity distribution function, together with the cumulative fraction, for the three APOGEE velocity components for different
ranges in Galactocentric radius, R, and Galactic vertical height, z. We show the different spatial ranges in different colors. The top panels
represent the chemically selected thin disk, the middle panels the thick disk, and the bottom panels the population with [Fe/H] < −1.0,
for three different ranges in R (left panels), and z (right panels).
the data-driven model built from the chemically-selected
thin disk, thick disk, and halo. That the thick black Gaia
data lines in Figure 8 are almost completely obscured
by the red model lines is a testament to the veracity of
the model to explain the data. For the υR component,
we find the fraction of the Galactic components (thin
disk, thick disk and halo, respectively),  = (0.777, 0.208,
0.015), while for υφ we find,  = (0.881, 0.103, 0.016).
Finally, for the vertical component, υz, we obtain  =
(0.799, 0.186, 0.015). Figure 8 also shows the decom-
position into the thin disk, thick disk, and halo velocity
distribution functions (gray lines) from the data-driven
model showing the estimation of the fraction of objects
that are part of the different Galactic structures. The ra-
dial and the vertical velocity DFs give similar fractions
for the three components, however the υφ velocity yields
a larger number of thin-disk stars compared to the thick
disk. It is likely that this difference has to do with the
fact that while the distribution of υR and υz can be repro-
duced with a Gaussian function (see Sections 3.1.1 and
3.1.2), the distribution of υφ is strongly non-Gaussian.
The latter is highly skewed to low velocities due to the
asymmetric drift, especially for the Galactic thick disk
(as seen in Figures 4 and 5), and this non-asymmetric
behavior is more challenging for our model to describe.
Nevertheless, by combining the results calculated using
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Fig. 8.— The relative velocity distribution functions (normalized to a peak value of unity) for the three velocity components for the
Gaia DR2 data-set employed in this study (thick black line) and the data-driven model generated using APOGEE data for each velocity
component (red line). The great similarity of the data and model distributions is clear. The figure also shows the model decomposition
into the thin disk (solid gray line), thick disk (dash dot gray line), and halo (long dash gray line) for the three velocity components.
the three individual velocities, and taking the average
value, we estimate that 81.9 ± 3.1 % of the objects in
the selected Gaia data-set are thin-disk stars, 16.6 ± 3.2
% are thick-disk stars, and 1.5 ± 0.1 % belong to the
Milky Way halo.
4. THICK-DISK NORMALIZATION
In this section we determine the local density normal-
ization (fρ = ρT /ρt) of the thick disk compared to the
thin disk using the velocity distribution function derived
above. Many previous derivations of fρ were based on
starcount data derived from photometric parallaxes (e.g.,
Gilmore & Reid 1983; Juric´ et al. 2008), with the es-
timates ranging from 1% to 12%. Bland-Hawthorn &
Gerhard (2016) analyzed the results from 25 different
photometric surveys conducted since the discovery of the
thick disk (Yoshii 1982) and concluded that fρ = 4% ±
2% at the solar circle. However, starcount approaches to
this problem are subject to the degeneracy between the
derived scalelengths and scaleheights for each the thin-
disk and thick-disk components, which drives a large un-
certainty in fρ (Chen et al. 2001; Siegel et al. 2002).
Our novel approach, using the observed velocity distri-
bution functions for the thin disk, thick disk and halo
from APOGEE as a data driven-model applied to the
Gaia data-set, is not affected by this degeneracy. More-
over, we are able to analyze the behavior of fρ in the R-z
plane, averaged over the Galactocentric polar angle, φ.
To build a given R-z pixel, we create intervals of 0.1
kpc in position, and use only pixels where the number of
stars for a given interval is N(Ri,zi) ≥ 50. Figure 9 shows
the stellar number density as a function of Galactic cylin-
drical coordinates R and z created through this exercise.
The largest number of stars per pixel in the magnitude-
limited Gaia sample are within −1 < z < 1 kpc and 6 <
R < 10 kpc. Using the data-driven model described in
Section 3.1, we create different velocity DFs, where our
stars per R-z pixel
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Fig. 9.— Stellar number density as a function of Galactic cylin-
drical coordinates R and z. The density is shown on a linear scale
and coded from black to white. The larger number of stars in the
Gaia data-set per R-z pixel are within −1 < z < 1 kpc and 6 < R
< 10 kpc.
free parameters are the fraction of thin-disk, thick-disk,
and halo stars in intervals of 1% for each population. For
a given R-z pixel, we use the observed velocity DF in the
area of study, and we perform an Anderson-Darling style
statistical test (as was done in Sec. 3.3). The minimum
value in the statistical test (i.e., the maximum devia-
tion between the cumulative distribution of the data and
the data-driven model function) is used to estimate the
fraction, and hence the density normalization, of each
population. We perform this analysis for the three indi-
vidual velocity components separately. Figure 10 shows
the results from the statistical Anderson-Darling test for
the three velocities (top panel). We find that the distri-
butions are very similar regardless of the velocity com-
ponents used. The bottom panel of Figure 10 also shows
the Anderson-Darling test values for the three individ-
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ual velocities added in quadrature in the R-z plane. R-z
pixels with lower numbers of stars tend to have larger
Anderson-Darling test values, i.e., a larger deviation be-
tween the data and the model.
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Fig. 10.— (Top) Values from the Anderson-Darling statistic as a
goodness-of-fit test for the individual space velocities. The values
can be interpreted as the maximum deviation between the cumu-
lative distribution of the data and the data-driven model function.
(Bottom) The Anderson-Darling test values for the three velocity
components added in quadrature in the R-z plane.
Once we know the fraction of stars that belong to the
thin disk, thick disk, and halo, calculation of the thick-
disk normalization, fρ, in the R-z plane is straightfor-
ward. For the final value, we average between the fρ
given for each velocity component. We present the re-
sults in Figure 11, where the R-z plane is color-coded by
fρ. These figures, for the first time, reveal in detail how
fρ varies across the Galaxy.
From inspection of Figure 11, one can clearly see where
the thin-disk population dominates (dark blue), where
the fρ values range from nearly zero to ∼ 15 %. We also
see a transition region, where we have a more even mix
between thin-disk and thick-disk populations (green), in-
dicated by where the maps have fρ ∼ 50 %. Finally, we
also observe the region where the population that belongs
to the Galactic thick disk dominates (red; see right panel
in Figure 11), shown by where fρ > 85 %. Interestingly,
we observe that the density ratio in the transition region
shows differences between the North and South. The
area around R ∼ 10 kpc does not show the same transi-
tion in density at z ∼ −1.5 kpc as at z ∼ 1.5 kpc. This
could be an effect of the Galactic warp (e.g., Levine et al.
2006; Romero-Go´mez et al. 2019 and references therein),
but also this could be related to excitation of wave-like
structures creating a wobbly galaxy (Widrow et al. 2012;
Williams et al. 2013). Furthermore, Figure 11 shows a
radial trend, in the sense that at increasing R the thin
disk dominates at larger z (i.e., the blue region in Fig-
ure 11 gets thicker at larger Galactocentric radius). This
phenomena could be interpreted as the thin disk flaring
(e.g., Feast et al. 2014; Thomas et al. 2019), but also can
be related to the different scalelength of the thin disk
with respect to the thick disk, where the scalelength for
the thick disk is shortened with respect to the one for the
thin disk. The latter suggestion is in line with the recent
literature on this debated topic. For example, Bensby
et al. (2011) and Bovy et al. (2012) suggested a shorter
scalelength for the chemically distinguished high–α disk
compared to the low–α disk.
Moreover, in the right panel of Figure 11, we have the
same Gaia data R-z plane color-code by fρ, but in this
case the figure is restricted from 0 to 15%. The visual-
ization of this new range in fρ allows us to see smaller
differences in the disk normalization for a given position.
We suggest that vertical oscillations in the disk (e.g.,
Chequers et al. 2018) may be responsible for these small
fluctuations in fρ for the thin Galactic disk, by introduc-
ing small changes in the shape of the velocity DF in such
a dynamically active disk.
In the end, using our novel approach based on veloc-
ities, rather than starcounts, we find the local thick-to-
thin disk density normalization to be ρT (R)/ρt(R) =
2.1 ± 0.2 %.
Figure 12 shows the halo-to-disk density normaliza-
tion. We find that the halo is most dominant in the
Gaia data-set in the region R < 8 kpc and |z| > 1.3 kpc.
We find the local halo-to-disk density normalization to
be ρH(R)/(ρT (R) + ρt(R)) = 1.2 ± 0.6 %.
5. SUMMARY AND CONCLUSIONS
Combining the precise stellar abundances from the
APOGEE survey with the astrometry from Gaia, we
study the velocity DF for chemically selected low-α (thin-
disk), high-α (thick-disk), and halo ([Fe/H] < −1) stars.
Using the kinematical properties of these sub-samples,
we built a data-driven model, and used it to dissect a
20% parallax-error-limited Gaia sample to understand
the contribution of the different Galactic structural com-
ponents to the velocity-space DF as a function of Galac-
tic cylindrical coordinates R and z. We find that 81.9
± 3.1 % of the objects in the selected Gaia data-set are
thin-disk stars, 16.6 ± 3.2 % are thick-disk stars, and 1.5
± 0.1 % belong to the Milky Way halo.
The local fraction of the Milky Way thick disk,
ρT (R)/ρt(R), is still under debate, as evidenced by
the large spread in derived values — ranging from 2%
(Gilmore & Reid 1983) to 12% (Juric´ et al. 2008) — from
starcounting methods, which are notoriously fraught
with model degeneracies. Our analysis, based on the ve-
locity characteristics of chemically selected populations,
helps to break the aforementioned degeneracies, and fa-
vors lower values for the normalization (e.g., Bovy et al.
2012). We find the local thick-to-thin disk density nor-
malization to be ρT (R)/ρt(R) = 2.1 ± 0.2 %, a result
consistent with the lower end of values derived using star-
count/density analyses, but determined in a completely
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Fig. 11.— The relative density of Gaia stars in the R-z plane color-coded by fρ the fraction of stars that belong to the thick disk versus
the thin disk (fρ). The dark blue regions, where the fρ values range from nearly zero to ∼ 15 %, are those dominated by the thin disk
population. Green regions indicate a transition region where we have a more even mix between thin disk and thick disk populations (i.e.,
fρ ∼ 50 %. Finally, the red areas are where the Galactic thick disk dominates (fρ > 85 %). The right panel is the same as the left panel,
but with a different color-coding that highlights differences at lower thin disk fractions. The visualization of this new range in fρ allows us
to see smaller differences in the disk normalization for a given position.
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Fig. 12.— The same as Figure 11, but color-coded by the ratio
of stars that belong to the halo compared to those belonging to the
disk (thin + thick). The areas where the halo is most dominant
occur at R < 8 kpc and |z| > 1.3 kpc.
different way.
Using the same methodology, the local halo-to-disk
density normalization is found to be ρH(R)/(ρT (R)
+ ρt(R)) = 1.2 ± 0.6 %.
This is several times larger than other values found
recently using kinematically selected samples. For ex-
ample, Amarante et al. (2020), using high tangential ve-
locity stars (υt > 200 km s
−1) in Gaia DR2, found the lo-
cal halo-to-disk density normalization to be 0.47%. This
is in agreement with the value (0.45%) found in Posti
et al. (2018), where the local stellar halo was selected
through Action Angle distributions using Gaia DR1 and
RAVE. The differences between these kinematics-based
halo samples and our chemically selected halo ([Fe/H] <
−1.0) might be explained by our halo sample including a
non-negligible fraction of metal-poor, but kinematically
colder stars that may be related to the thick disk. Their
inclusion may inordinantly elevate our derived halo-to-
disk density normalization.
While overall a chemical discrimination of stellar pop-
ulations, as undertaken here, does a remarkably good
job, and provides many benefits over other population-
separation methods, ultimately our approach is limited
by the degree to which the metal-weak thick disk and
halo populations overlap in chemical-abundance spaces
like that shown in Figure 1. In the future, this chemical
overlap may be overcome by either the use of a larger
number of chemical dimensions, or the combined use of
kinematics and chemistry to overcome this one area of
population overlap.
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